Copper indium gallium sulfo-selenide (CIGS) based solar cells show the highest conversion efficiencies among all thin-film photovoltaic competition. However, the absorber material manufacturing is in most cases dependent on vacuum-technology like sputtering and evaporation, and the use of toxic and environmentally harmful substances like H 2 Se. In this work, the goal to fabricate dense, coarse grained CuInSe 2 (CISe) thin-films with vacuum-free processing based on nanoparticle (NP) precursors was achieved. Bimetallic copper-indium, elemental selenium and binary selenide (Cu 2−x Se and In 2 Se 3 ) NPs were synthesized by wet-chemical methods and dispersed in nontoxic solvents. Layer-stacks from these inks were printed on molybdenum coated float-glass-substrates via doctor-blading. During the temperature treatment, a face-to-face technique and mechanically applied pressure were used to transform the precursor-stacks into dense CuInSe 2 films. By combining liquid phase sintering and pressure sintering, and using a seeding layer later on, issues like high porosity, oxidation, or selenium-and indium-depletion were overcome. There was no need for external Se atmosphere or H 2 Se gas, as all of the Se was directly in the precursor and could not leave the face-to-face sandwich. All thin-films were characterized with scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDX), X-ray diffraction (XRD), and UV/vis spectroscopy. Dense CISe layers with a thickness of about 2-3 µm and low band gap energies of 0.93-0.97 eV were formed in this work, which show potential to be used as a solar cell absorber.
Introduction
Solar cells from copper indium gallium sulfo-selenide (CIGS) reach a certified efficiency of 23.35% [1] when manufactured in batches and by processes using vacuum technology like sputtering or evaporation and toxic substances like H 2 Se or at least maintaining a Se atmosphere during annealing. Vacuum-free processing and improving the scalability of absorber fabrication would be very beneficial. CIGS nanoparticles (NPs) have successfully been used recently to achieve dense absorber layers [2, 3] and high-efficiency solar cells, with, for example, 13.8% [4] or 15% [5] efficiency. An alcohol-based molecular precursor yielded 14.4% efficiency [6] while using H 2 Se annealing. Ink-jet printing of CIGS nanoparticles [7] or molecular precursors [8, 9] , which sometimes uses hydrazine as solvent, shows the possibility of low-cost solar cell absorbers with precise deposition techniques. Even an all solution processed CIGS device with an efficiency of 13.8% was fabricated while using H 2 Se annealing [10] . Figure 1 . Schematic overview on the experimental processes, showing details of nanoparticle synthesis, nano-inks for process routes I and II, as well as a schematic of the face-to-face process. Route Ia uses only ink I from Cu-In and Se NP, route Ib uses an additional sputtered Cu-In seeding layer, route II uses ink II from In2Se3 and Cu2-xSe NP and additional Se NP. SEM, scanning electron microscopy; EDX, energy dispersive X-ray spectroscopy; XRD, X-ray diffraction; EDTA, ethylenediaminetetraacetic acid; TEG, tetra ethylene glycol; PVP, polyvinylpyrrolidone.
Synthesis of Nanoparticles
All chemicals mentioned below were used as received without further purification and the syntheses were performed in ambient conditions if not described otherwise.
Cu-In NP: Bimetallic, slightly indium-rich copper-indium nanoparticles were synthesized according to the works of [12] [13] [14] . CuCl2 (1 mmol) and InCl3 (1.12 mmol) were dissolved in 150 °C hot tetra ethylene glycol (TEG), while a reducing agent solution was prepared separately by dissolving NaBH4 (14. 84 mmol) in 10 °C pre-cooled TEG. Both solutions were then dropped together in a third beaker at room temperature under vigorous stirring using a Reglo Digital MS-4 peristaltic pump (Ismatec, Wertheim, Germany) and immediately formed a black precipitate. To terminate the bubbling alcoholysis and remove excess BH4 − , acetone was added to the beaker 10 min after the reaction was finished. The copper-poor indium-rich nanoparticles with a Cu/In ratio of 0.89 were isolated by centrifugation, washed several times with isopropanol (IPA), and finally dispersed in IPA. Figure 1 . Schematic overview on the experimental processes, showing details of nanoparticle synthesis, nano-inks for process routes I and II, as well as a schematic of the face-to-face process. Route Ia uses only ink I from Cu-In and Se NP, route Ib uses an additional sputtered Cu-In seeding layer, route II uses ink II from In 2 Se 3 and Cu 2-x Se NP and additional Se NP. SEM, scanning electron microscopy; EDX, energy dispersive X-ray spectroscopy; XRD, X-ray diffraction; EDTA, ethylenediaminetetraacetic acid; TEG, tetra ethylene glycol; PVP, polyvinylpyrrolidone.
Cu-In NP: Bimetallic, slightly indium-rich copper-indium nanoparticles were synthesized according to the works of [12] [13] [14] . CuCl 2 (1 mmol) and InCl 3 (1.12 mmol) were dissolved in 150 • C hot tetra ethylene glycol (TEG), while a reducing agent solution was prepared separately by dissolving NaBH 4 (14.84 mmol) in 10 • C pre-cooled TEG. Both solutions were then dropped together in a third beaker at room temperature under vigorous stirring using a Reglo Digital MS-4 peristaltic pump (Ismatec, Wertheim, Germany) and immediately formed a black precipitate. To terminate the bubbling alcoholysis and remove excess BH 4 − , acetone was added to the beaker 10 min after the reaction was finished. The copper-poor indium-rich nanoparticles with a Cu/In ratio of 0.89 were isolated by centrifugation, washed several times with isopropanol (IPA), and finally dispersed in IPA. Se NP: Elemental selenium nanoparticles were synthesized according to the works of [15] [16] [17] . The Se NPs were fabricated from a 0.127 mol/L Na 2 SeSO 3 solution, prepared by dissolving Na 2 SO 3 and Se powder in 80 • C hot deionized (DI) water after aging for more than 24 h. To stabilize the nanoparticles, a 1.35 mmol/L polyvinylpyrrolidone (PVP) solution was used containing trisodium citrate (2.38 mmol) as acidic buffer. Then, 25 mL of the Na 2 SeSO 3 precursor solution was mixed into the stabilizing solution and 15 mL HCl was added at room temperature. The solution immediately turned from clear to an orange-red murky color. After 1 h of stirring, the nanoparticles were isolated by centrifugation and washed several times with pre-cooled deionized water. For storage, the particles were concentrated and dispersed in IPA.
Cu 2−x Se NP: Binary copper selenide nanoparticles were synthesized by a redox-reaction in deionized water according to the works of [18, 19] . First, 158 mg Se was reduced to Na 2 Se and Na 2 Se x with 18 g NaOH in 40 mL DI-H 2 O. Na 2 Se as well as Na 2 Se x form Cu 2−x Se in a reaction with 350 mg CuCl 2 that was coordination-complex-stabilized with 877 mg ethylenediaminetetraacetic acid (EDTA) in 15 mL DI-H 2 O. If no EDTA is used, Cu 3 Se 2 NPs are formed instead. The particles were isolated via centrifugation, washed several times with deionized H 2 O, and then dispersed in IPA.
In 2 Se 3 NP: Binary indium selenide nanoparticles were synthesized by a redox reaction in deionized water according to the works of [19, 20] . First, 205 mg Se was reduced to Se 2− with 149 mg NaBH 4 in 32.5 mL DI-H 2 O under an N 2 -atmosphere following a precipitation reaction with a solution of 431 mg InCl 3 in 6 mL DI-H 2 O. After the reaction was finished, 2.5 mL acetone was added to the flask to remove any remaining BH 4 − . The nanoparticles were isolated via centrifugation, washed with deionized H 2 O, and dispersed in IPA.
Processing of Absorber Layer
The substrates for all samples were 25 mm × 25 mm float glass slides coated with 500 nm molybdenum. No diffusion barrier for Na was used, so Na from the glass was provided for the CISe film. All nano-inks were mixed from the respective NPs with a Cu/In ratio of 0.89 and printed on the substrates by doctor blading until no visible holes remained in the film, usually 10-30 coatings. Typically, for each layer, 40 µL of a nano-ink was injected into the film applicator (Erichsen Testing Equipment, Hemer, Germany) with a blade to a substrate distance of 200 µm, and the blade was moved with a velocity of 10-12 mm/s. In route I, the Cu-In and Se nanoparticles were used as the precursor without (a) and with a sputtered indium rich Cu-In seeding layer (b) to study the effects of a seeding layer on the CISe films. To even out the excess indium and enhance diffusion processes, Cu 2−x Se nanoparticles were used in route Ib as well. In route II, the binary selenide nanoparticles were used as the precursor, while only a single Se NP layer was deposited on Mo first to form the MoSe 2 -phase during heat treatment.
The annealing was performed on a hot plate or in a tube furnace (Heraeus, Hanau, Germany) in an N 2 atmosphere at 550 • C for 5 min. All hot-plate samples were face-to-face sealed according to the work of [21] , using a second uncoated float glass slide with which external uniaxial mechanical pressure of 46.1 kN/m 2 was applied to the sandwiched nanoparticle films during the annealing procedure. There was no additional Se atmosphere or H 2 Se gas needed for the face-to-face sealed samples and, using the weights, a combination of liquid phase sintering and pressure sintering could be achieved during the temperature treatment.
Characterization
The morphology of the processed thin film layers and their element composition (with energy dispersive X-ray spectroscopy (EDX)) were examined using a JSM-7610F field-emission scanning electron microscope (JEOL, Tokyo, Japan) and an acceleration voltage of 15 kV. The respective film thickness was measured from cross-section images over a large area. Phase analysis was performed using an Empyrean X-Ray diffractometer (XRD, Panalytical Inc., Etten Leur, Netherlands) with Cu-Kα radiation (wavelength of 0.15406 nm) and Bragg-Brentano geometry and the according software HighScore Plus (version 4.1) outfitted with the database of International Centre for Diffraction Data (ICCD).
The band gap energy of the manufactured CISe films was determined from UV/vis measurements with a Lambda 950 (Perkin Elmer, Waltham, MA, USA) in reflection mode. The measured value of %-reflectivity was used to calculate the Kubelka-Munk function, F(hν) = [1−R(hν)] 2 2R(hν) , where R is the reflectivity and hν is the photon energy. Then a Tauc plot was used to determine the band gap energy from extrapolation of the slope of the linear part of the curve.
Results

Route I
First, the results without the seeding layers are shown. The XRD spectrum in Figure 2 features strong and sharp CISe reflections with a full width at half maximum (FWHM) of 0.14 • , the Mo back contact at 40.5 • , and indicates the formation of the MoSe 2 -phase at 32 • . Left-over Se can also be identified as it was used with excess to remove the possibility of Se-lacking CISe, and the XRD measurement was performed before any KCN etching. No indication of oxides or binary selenides can be seen in the spectrum, but as CuSe reflections overlap with the ones of Se, especially at 56 • , it cannot be completely excluded. The band gap energy of the manufactured CISe films was determined from UV/vis measurements with a Lambda 950 (Perkin Elmer, Waltham, MA, USA) in reflection mode. The measured value of %-reflectivity was used to calculate the Kubelka-Munk function,
, where R is the reflectivity and hν is the photon energy. Then a Tauc plot was used to determine the band gap energy from extrapolation of the slope of the linear part of the curve.
Results
Route I
First, the results without the seeding layers are shown. The XRD spectrum in Figure 2 features strong and sharp CISe reflections with a full width at half maximum (FWHM) of 0.14°, the Mo back contact at 40.5°, and indicates the formation of the MoSe2-phase at 32°. Left-over Se can also be identified as it was used with excess to remove the possibility of Se-lacking CISe, and the XRD measurement was performed before any KCN etching. No indication of oxides or binary selenides can be seen in the spectrum, but as CuSe reflections overlap with the ones of Se, especially at 56°, it cannot be completely excluded. The surface morphology as seen in Figure 3a is a mostly closed layer with little surface roughness, and no damage from the face-to-face glass is visible. However, there is also a pin-hole that reaches down to the back contact. In higher magnifications of Figure 3b , the CISe looks smooth and very well sintered together, while only very few 100 nm grains remain that are connected to the µmsized grains. A more detailed image-series of this sample is shown in Figure A1 . In the pin-hole, MoSe2 can be identified with EDX (Mo: 27.0 at %; Se: 51.3 at %; O: 12.5 at %; Cu: 5.5 at %; In: 3.7 at %), thus confirming that the hole reaches the back-contact and most likely a shunt will be formed when the buffer-layer and front electrode are fabricated.
(a) (b) The surface morphology as seen in Figure 3a is a mostly closed layer with little surface roughness, and no damage from the face-to-face glass is visible. However, there is also a pin-hole that reaches down to the back contact. In higher magnifications of Figure 3b , the CISe looks smooth and very well sintered together, while only very few 100 nm grains remain that are connected to the µm-sized grains. A more detailed image-series of this sample is shown in Figure A1 . In the pin-hole, MoSe 2 can be identified with EDX (Mo: 27.0 at %; Se: 51.3 at %; O: 12.5 at %; Cu: 5.5 at %; In: 3.7 at %), thus confirming that the hole reaches the back-contact and most likely a shunt will be formed when the buffer-layer and front electrode are fabricated.
reaches down to the back contact. In higher magnifications of Figure 3b , the CISe looks smooth and very well sintered together, while only very few 100 nm grains remain that are connected to the µmsized grains. A more detailed image-series of this sample is shown in Figure A1 . In the pin-hole, MoSe2 can be identified with EDX (Mo: 27.0 at %; Se: 51.3 at %; O: 12.5 at %; Cu: 5.5 at %; In: 3.7 at %), thus confirming that the hole reaches the back-contact and most likely a shunt will be formed when the buffer-layer and front electrode are fabricated. The cross-section morphology as shown in Figure 3c features a ca. 3 µm thick (as measured from the SEM image) and dense CISe layer. On the right, one of the pin-holes can also be seen, which reaches the back-contact.
In Figure A2 (see Appendix), the Tauc plot derived from UV/vis reflectivity measurements shows a band gap energy of 0.93 eV that fits to copper-poor CISe. EDX analysis shows a Cu/In ratio of 0.93: Cu: 10.3 at %; In: 11.1 at %; Se: 72.1 at %, confirming the copper-poor composition and showing the Se excess that was even visible in XRD.
In the second part of route I, the sputter-deposited Cu-In seeding layer was included in the process to study the effect of a seeding layer and an additional liquid In phase on the film formation. The thickness of 45 nm Cu and 190 nm In was chosen to result in a 200 nm CISe layer during selenization and the excess indium was equalized by coating Cu2−xSe nanoparticles before more Cu-In and Se-NPs were deposited as further precursor material. Figure 4 shows the XRD spectrum of the CISe layer from this hybrid precursor after face-to-face annealing. The CISe reflections are sharp with an FWHM of 0.13° and really strong when compared with the Mo signal, the MoSe2-phase is formed as well, and there are no indications for oxides or indium selenides. However, a small amount of copper selenide can be identified, most likely owing to a slight excess when balancing the In amount. The cross-section morphology as shown in Figure 3c features a ca. 3 µm thick (as measured from the SEM image) and dense CISe layer. On the right, one of the pin-holes can also be seen, which reaches the back-contact.
In Figure A2 (see Appendix A), the Tauc plot derived from UV/vis reflectivity measurements shows a band gap energy of 0.93 eV that fits to copper-poor CISe. EDX analysis shows a Cu/In ratio of 0.93: Cu: 10.3 at %; In: 11.1 at %; Se: 72.1 at %, confirming the copper-poor composition and showing the Se excess that was even visible in XRD.
In the second part of route I, the sputter-deposited Cu-In seeding layer was included in the process to study the effect of a seeding layer and an additional liquid In phase on the film formation. The thickness of 45 nm Cu and 190 nm In was chosen to result in a 200 nm CISe layer during selenization and the excess indium was equalized by coating Cu 2−x Se nanoparticles before more Cu-In and Se-NPs were deposited as further precursor material. Figure 4 shows the XRD spectrum of the CISe layer from this hybrid precursor after face-to-face annealing. The CISe reflections are sharp with an FWHM of 0.13 • and really strong when compared with the Mo signal, the MoSe 2 -phase is formed as well, and there are no indications for oxides or indium selenides. However, a small amount of copper selenide can be identified, most likely owing to a slight excess when balancing the In amount.
Coatings 2019, 9, 484 6 of 16 In and Se-NPs were deposited as further precursor material. Figure 4 shows the XRD spectrum of the CISe layer from this hybrid precursor after face-to-face annealing. The CISe reflections are sharp with an FWHM of 0.13° and really strong when compared with the Mo signal, the MoSe2-phase is formed as well, and there are no indications for oxides or indium selenides. However, a small amount of copper selenide can be identified, most likely owing to a slight excess when balancing the In amount. The surface morphology, as seen in Figure 5a , is comparable to the films without seeding layers, but the cross-section morphology (Figure 5b ) changes a lot. In this case, on top of the back contact, a ca. 1 µm completely dense CISe film is formed from the sputtered seeding layer, which far exceeds the calculated thickness of 200 nm. Then, the morphology changes to a 2.5 µm coarse grained film. It The surface morphology, as seen in Figure 5a , is comparable to the films without seeding layers, but the cross-section morphology (Figure 5b ) changes a lot. In this case, on top of the back contact, a ca. 1 µm completely dense CISe film is formed from the sputtered seeding layer, which far exceeds the calculated thickness of 200 nm. Then, the morphology changes to a 2.5 µm coarse grained film. It is also to be noted that the 1 µm dense layer is found all along the cross section and no pin-holes to the back contact are present. is also to be noted that the 1 µm dense layer is found all along the cross section and no pin-holes to the back contact are present. Figure A3 . It can be seen that the Cu and Se distribution resemble the surface morphology, whereas In is evenly distributed over the examined area. Another EDX result from a route Ib CISe film matches the Cu/In ratio of 0.88 from the precursor: 
Route II
In this section, the results from the binary selenide precursors after temperature treatment are shown. The chosen selenides Cu 2−x Se and In 2 Se 3 are direct predecessors of CuInSe 2 during its formation pathway and CISe formation was studied in situ [19] .
The XRD spectrum in Figure 6 shows sharp CISe reflections with an FWHM of 0.13 • and the Mo back contact, but also huge amounts In 2 O 3 . In Figure 7 , the surface and cross-section morphologies of CISe films from selenide precursors after different temperature treatments are shown. As can be seen, the face-to-face annealing with application of pressure (a) does not work as well as for the route I precursors. Drying cracks are visible in all of the respective layers, but they are most prominent in the sample processed by faceto-face annealing (a). Temperature treatment without any pressure (b) did work better considering surface area coverage, but the benefit of face-to-face can still be seen in the cross-section images. In the spots where grains were formed, they are better sintered together and less porous than in the sample from the tube furnace. In both samples, the drying cracks reach the back contact and will result in shunts once the buffer-and window-layer are applied. An improvement in surface coverage and cross-section morphology was achieved by repeating the coating and face-to-face annealing process two times (c). The cracks no longer reach the back contact, but are still large and inconsistently uncovered areas. Another possibility for improvement was the use of an ethanol based nano-ink instead of isopropanol. This makes use of the better wetting, coating and drying properties of ethanol owing to its significantly lower viscosity, slightly lower surface tension, and slightly lower boiling point, while having almost the same density as IPA. In this sample (d), the surface coverage is the best out of all the variants and in the cross-section, the layer looks densely sintered together even without application of pressure. In Figure 7 , the surface and cross-section morphologies of CISe films from selenide precursors after different temperature treatments are shown. As can be seen, the face-to-face annealing with application of pressure (a) does not work as well as for the route I precursors. Drying cracks are visible in all of the respective layers, but they are most prominent in the sample processed by face-to-face annealing (a). Temperature treatment without any pressure (b) did work better considering surface area coverage, but the benefit of face-to-face can still be seen in the cross-section images. In the spots where grains were formed, they are better sintered together and less porous than in the sample from the tube furnace. In both samples, the drying cracks reach the back contact and will result in shunts once the buffer-and window-layer are applied. An improvement in surface coverage and cross-section morphology was achieved by repeating the coating and face-to-face annealing process two times (c). The cracks no longer reach the back contact, but are still large and inconsistently uncovered areas. Another possibility for improvement was the use of an ethanol based nano-ink instead of isopropanol. This makes use of the better wetting, coating and drying properties of ethanol owing to its significantly lower viscosity, slightly lower surface tension, and slightly lower boiling point, while having almost the same density as IPA. In this sample (d), the surface coverage is the best out of all the variants and in the cross-section, the layer looks densely sintered together even without application of pressure. uncovered areas. Another possibility for improvement was the use of an ethanol based nano-ink instead of isopropanol. This makes use of the better wetting, coating and drying properties of ethanol owing to its significantly lower viscosity, slightly lower surface tension, and slightly lower boiling point, while having almost the same density as IPA. In this sample (d), the surface coverage is the best out of all the variants and in the cross-section, the layer looks densely sintered together even without application of pressure. The band gap energy of a route II CISe film was found to be 0.98 eV. The corresponding Tauc plot is shown in Figure A2 Figure A4 ) shows an evenly distributed elemental composition and a smooth surface of the CISe film.
An EDX mapping of another sample from the same series, but with a Cu/In ratio of 0.88, is shown in Figure A5 The band gap energy of a route II CISe film was found to be 0.98 eV. The corresponding Tauc plot is shown in Figure A2 Figure A4) shows an evenly distributed elemental composition and a smooth surface of the CISe film.
An EDX mapping of another sample from the same series, but with a Cu/In ratio of 0.88, is shown in Figure A5 
Discussion
In route Ia, by annealing the nanoparticle precursors in the N 2 -atmosphere, and thus excluding oxygen from air, nanoparticle oxidation can be prevented as verified by XRD. In a regular atmosphere, oxidation happens easily at elevated temperatures, especially for indium. Oxide layers surrounding the nanoparticles would hinder the reactions and diffusion processes and promote a more porous morphology with more nano-sized grains and remaining selenides. Additionally, the applied pressure helps to condense the precursor film, even more so once the Se melts. Capillary forces rearrange the nanoparticles, and thus the CISe film quality is enhanced by liquid phase and pressure sintering. Complete transformation of the nanoparticle precursor into a dense CISe layer in 5 min, as well as an absence of oxides and selenides, shows the potential of the face-to-face annealing with external pressure for solar cell manufacturing, especially if the formation of pin-holes can be prevented and the surface smoothness can be enhanced. Also, there is no need for external Se atmosphere or H 2 Se gas, as all the Se is directly in the precursor and does not evaporate and leave the face-to-face sandwich. Should an excess of Se or copper selenides be present in the film, it can easily be removed by KCN or even better by ammonium sulfide (NH 4 ) 2 S treatment [22] . Absorbers with band gap energies below 1 eV like this have been used in tandem solar cells [11] , once the surface morphology is better optimized in terms of smoothness and porosity.
When using the sputter-deposited seeding layer in route Ib, it can be concluded that during the face-to-face annealing with applied pressure, two liquid phases of In and Se exist one after the other in the temperature region of their respective melting points, and the rearrangement of nanoparticles can occur twice. Aided by pressure sintering, the Cu-In and Se precursor continues to grow in the dense morphology provided by the sputtered seeding layer, as long as both liquid phases and the Cu 2−x Se phase are present. Here, the 200 nm dense CISe calculated from the sputtered Cu grows to almost five times the thickness. In the top region of the precursor, only Se can contribute to the liquid phase sintering and there is no Cu 2−x Se present at the start of the annealing process, so the resulting morphology resembles the commonly known coarse grained CISe. To achieve a completely vacuum-free route Ib CISe layer, elemental Cu and In NPs could be used as well as very indium rich, bimetallic Cu-In NPs to form the seeding layer and provide the liquid indium. The below 1 eV band gap energies of these samples again allow for application in tandem solar cells [11] , once the morphology is optimized.
Route II showed several hindering mechanisms when compared with route I. The remaining In 2 O 3 most likely stems from the partly oxidation of the indium selenide nanoparticles before the coating process, which was observed as a change in dispersion-color and with EDX measurements in SEM. Therefore, diffusion processes and chemical reactions are hindered and a complete transformation of the precursor was prevented. This could be overcome by an excess of Se NP, as In 2 O 3 has been transformed back to selenide in earlier work [23, 24] , which can continue the reaction to CISe and consume the possibly left-over Cu 2−x Se. The morphology of the final film needs even more optimization compared with route I in terms of surface coverage and porosity. This is mostly because of the lack of a liquid phase during the reaction. There is no beneficial particle rearranging by capillary forces to densify the film. Even though, with application of external pressure, a densification of certain areas was observed, the porosity accumulates at the drying cracks and thus widens them. Improvement was achieved by repeating the coating and annealing processes. In this way, the nanoparticles from the second coating filled up the drying cracks left in the layer after the first annealing, and the film quality in terms of surface coverage was enhanced. The best quality, however, was found in a sample derived from ethanol-based nano-inks, which used the better wetting behavior of ethanol compared with isopropanol owing to its significantly lower viscosity, slightly lower surface tension, and slightly lower boiling point. The dispersion stability of the nanoparticles between IPA and ethanol did not vary significantly. In this sample, the surface coverage is the best out of all the variants and, in the cross section, the layer looks densely sintered together even without application of pressure or the presence of a liquid phase, suggesting that the packing of precursor nanoparticles is much better compared with the IPA-ink. Route II, however, needs more improvement before the CISe-layers reach absorber quality, although the band gap energy of the slightly copper-poor film is 0.98 eV and again shows potential for low-band-gap applications.
Conclusions
In this work, two different routes were examined to manufacture dense and homogenous low-band-gap CISe thin-films using nanoparticle based precursors. In route I, the face-to-face-method with application of external pressure was used at a temperature of 550 • C to form 3 µm homogenous and dense CISe-layers from bimetallic Cu-In and elemental Se nanoparticles. A 200 nm dense CISe film was prepared from a sputtered Cu and In seeding layer that continued to grow from addition of nano-ink up to 1 µm completely dense and closed before transitioning into a coarse grained morphology. A vacuum-free seeding layer can be achieved with elemental Cu and In NP or indium rich Cu-In bimetallic NP. Both CISe-layers from route I show low-band-gap energies of 0.93-0.97 eV and might be used as a solar cell absorber if the film quality in terms of porosity and smoothness is enhanced. This shows the prospect of a simple continuous coating process on infinite substrates and roll-to-roll machines for the temperature treatment with application of pressure.
Route II, which uses binary Cu 2−x Se and In 2 Se 3 nanoparticles, results in partly closed layers with drying cracks and large amounts of remaining In 2 O 3 . Using ethanol instead of isopropanol for nano-ink formulation or repeating the coating and annealing process improves the layer quality in terms of both surface and cross-section morphology. Nevertheless, for route II, more optimization is necessary, before any use as solar cell absorber is feasible. enhanced. This shows the prospect of a simple continuous coating process on infinite substrates and roll-to-roll machines for the temperature treatment with application of pressure. Route II, which uses binary Cu2−xSe and In2Se3 nanoparticles, results in partly closed layers with drying cracks and large amounts of remaining In2O3. Using ethanol instead of isopropanol for nanoink formulation or repeating the coating and annealing process improves the layer quality in terms of both surface and cross-section morphology. Nevertheless, for route II, more optimization is necessary, before any use as solar cell absorber is feasible. 
